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Abstract 

The damage thresholds of eight, multiple layer dielectric, 95 percent 

reflecting mirrors have been measured for single pulses of 20 nsec and 20 psec 
duration.    In both sets of measurements the pulse energy, an oscilloscope trace 
of the pulse, and the beam's transverse energy density profile at the surface 
being damaged are recorded for each shot.    The va-latlon of the threshold from 
mirror to mirror and as a function of pulse duration, beam radius, and appear- 
ance umier microscopic examination is discussed in the context of possible 
damage mechanisms. 
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Technical Report Summary 

Purpose of Project 

The purpose of this research is to gain an understanding of the processes by 

which laser radiation causes damage to nominally transparent materials, 
especially those used in the laser themselves. 

Equipment Development 

This project began against a background of confusing and contradictory 

information concerning laser induced damage to transparent dielectrics. 

Experimental results of different workers were difficult, often impossible, to 

compare, and the connection between theoretical and experimental results was 

tenuous at best.   Having concluded that lack of appreciation for the complexity of 

the problem had led to inadequate experimental control and monitoring in earlier 

work, we undertook the task of designing, building, and testing a ruby laser 

damage test facility capable of obtaining experimental data under carefully con- 

trolled and fully monitored conditions.   A detailed description of this facility was 

given in a previous report (Tech. Report No.  1).    The present report described 
the first experiments conducted with the facility. 

MIH 

,41 



Conclusions 

Measurements with fully monitored and properly controlled , . 
systems yield useful data concerning th^ Ha «tolled laser damage 
components. con°-nmg the damage properties of laser system 

I 
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Laser Induced Darrage to Mirrors 

at Two Pulse Durations* 

T»thnic ol  R»poM No   2 
P.nod 31  Dtcmbt- 1971 M JO Jw« 197? 

I.  INTHIHNCTNIN 

For «rvTml years an •ttort ha« been undarway at tha Air lore» Cambrtdf« 

Raaaareh Ltboratortvs to perfect a mode-locked ruby User ayatatn capable of 

relubly producing «Ingle «ubnenoaecond puleea with a am joth and radially «yw 

metric energy density profUe and enough energy to damage dielectric malertata 

with «pot aitea larger than 0.1 mm.   Such ■ ayatem to no* l« oo« and to deocr 

to detail to earlier publication« (Bliaa and f Jam. ItTf; MUam. Iff I).   1% 

complement the mode-locked ■y«tem «nd to fhcllltoto «aportmeotol idetttmcaiioa 

of the Uaer-lndueed-damage mechantom« by deiermtnaUon erf their pal*« imMn 

ee (Blto«.  1970). a «tomtard Q-a«ltched ruby laaer «>«l»ai ha« alM b««« 

•hlch meet« toe same reliability, radial 

total eoe. gy requirements «ad operate« in • «ingle 

Plgur« i contain« block dugram« of boto ayvtem«.    mi« 

taAtoCd damage msaauremetito performed on nine commercially prodWe4 • 

mlrrora Ming the«« too la««r«. 

(ReceHreit for publtcalto« I» July Iftl) 

* Tht« research •«« «wppuitad JotoUy by «te Air 
Neoeareh Project« Agency of tto naptitomitaf ~ 
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MMnWfM U««r-tnduced-<tam«ge experiments demand precise character- 

of MM taoer pulse causing the damage.   Accordingly, each pulse is 

•er«UM««d in unprecedented detail. 

Figure 2 l« a echemetlc diagram of the monitoring apparatus for experiments 

MtacQ*««llehed pu'« a.   The beam enters from the left and passes through two 

beam •plltter«.   The flr»t one deflects a portion of the beam to a fast diode which 

drtVM • Tektronix 4r4 oacllloecope and provides a filmed record uf the temporal 
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Figure 2.    Monitoring Apparatus for Damage Experiments with Q-Switched 
Pulse« 
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development of each pulse.    The second beam splitter directs a known fraction of 
the beam to an EG&G radiometer, which Is used to determine the energy of each 

pulse. ! 
The beam then passes through a 50-cm fodal-length lens and, except for a 

small portion, is focused onto the damage sample.   When the test sample is a high 

reflectivity mirror, the path shown beyond the sample is not used, and the mirror 
is tipped very slightly to avoid direct reflections back to the amplifier.    The small 
reference Lcam, which is split off after the focusing lens, is identical to the damaging 
beam except for its energy content and it can be utilized for monitoring the focused 
radial energy distribution as follows:   A calibrated reticle is inserted in the refer- 

ence beam in the plane corresponding to the mirror surface in the main beam.    An 

imaging lens is then placed such that the reticle i^s imaged onto the film in the 
multiple-exposure level camera (Burnham,   1970).   For ruby lasers Polaroid film 
Type 55 is ideal since it provides a positive for visual examination and a negative      , 
for densitometer analysis.    The piagnification of the imaging system is determined 
by photographing the reticle with 0. 69 ßra light.   Then! the reticle is Removed and 

the camera now records the radial energy density profile of each pulse in the   ' 
damage plane.   Examples of such photographs will be discussed in Section 3. 1.2. 

I 
i 

2.2  Mode-Locked System Monitoring , 

Figure 3 is a schematic diagram of the monitoring apparatus for experiments 

using mode-locked pulses (Bliss and Milam,  X972).   The principal features are 
the same as for the Q-switch pulse monitoring system, but there are spme dif- 
ferences.    The focusing is done by a lens pair whose effective focal length can be 
varied by changing the lens spacing (an effective focal length of approximately 1 m 
was used for all the measurements reported in thi^ paper).    Both an EG&G radio-    i 
meter and a Quantronix 500/504 calorimeter/energy-meter are used for energy 

measurei   tnt.   Although th(  calorimeter is blocked when a high reflectivity 
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Figure 3.    Monitoring Apparatus for Damage Experiments with Subnanosecond 
Pulses i 
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with 4-sec rotations being made until the spot is no longer elongated but round 

as for the far right mirror positi   i of Figure 5a. then the same temporal profile 
is found at both -.inholes. 

We conclude that a genuinely round output from the Q-Bwitched oscillator 
implies uniform temporal behavior over the whole beam.    Typically the prepara- 

tions for a scries of damage tests included an examinattoo of the oscillator output, 
but it was not always done with the thoroughness demonstrated in Figures 4 and 5. 

Conflequ?ntly, it is quite possible that some of the measurements to be described 

in Sections 4 and 5 were performed with pulses wh.se off-axis temporal behavior 
was less than ideal.    The effect of small temporal devUtions ofi-axls on the 
results of our damage tests Is assumed to be negligible. 

In Figure 6 the spacially integrated temporal pulse profile, as recorded by 
the monitoring apparatus In Figure 2. has been compared for three randomly 
selected pulses out of a series of some 220 shots.    Pulse No.  217 Is Indicated by 
a solid curve and points, measured from the scope traces of shots 11 (O) and 

89 (a), are plotted on a normalized scale which forces the pulses to coincide at 
their peak power points.    The fact that all three pulses fall on essentially the same 

curve demonstrates the high degree of repeatability obtained In the temporal shape 
of the pulse. 

3. 1. 2   SPACIAL PROFILE 

Figure 7a shows two examples of the Q-swltched pulse's radial energy dis- 
tribution In the damage plane as photographed by the Imaging system described 

In Section 2. 1.   Each pulse produces a horizontal line of spots In which adjacent 
exposures differ by a factor of two.    The mlcrodensltometer traces of three con- 
secutive shots shown In Figure 7b verify the impression, gained by visual examina- 
tion of the photographs, that the energy density varies smoothly with radius. 
Furthermore, we have determined by constructing energy density radius curves 
from the densltometer traces (Winer,  1966) that the radial dependence of the 
energy distribution Is Gaussian. 

.1.2   Modr-I.orkrd -\-.|im 

3. 2. 1   TEMPORAL CHARACTERISTICS 

The mode-locl'ed oscillator produces a train of short pulses separated by 
approximately 7 nsec, f-om which a single pulse Is selected for amplification. 
In Figure 8 oscilloscope traces of four consecutive shots show the mode-locked 
train with the selected pulse missing and the amplified selected pulse displayed 

between the first two recorded pulses of the train.    The extra little bump appear- 

ing J-ist before the amplifier pulse In the bottom three traces is a stray reflection 
onto the diode and may be Ignored. 
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Fifir« 6.   SfMictaU> Integrated Temporal Profile of Three Q-Switched 
Pulee« fmm a Seri. - of 220 Shots:   K» Shot II. (O) Shot 8«. 
(- ) Shot 217 

Figure 7.   ft) Multiple Fx|-,ieure-L*vel Photographs Showing the Radial Energy 
DiatrlAitlon In the Damage Plane for Two Q-Switchcd Pulses.    The dimension of 
the f ale marker Is 100 um.  (b) Microdensitometer trsces of multiple eapoaure* 
level photographa for three consecutive Q-s«ltched pulses.  Adjacent exposurea 
on esch trace differ by s tactor of two 
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Hgure 8.   OscllloBCopo Traces for Four Consecutive Firings of the 
Mode-Locked Ruby Laser.    The selected pulse is missing from the 
^"'"i^V0 thC rlght 0f the cvnter' and a""- amplification it Ts dis- played between two early pulses of the train at the left 

Hgure 9     (a) Multiple KxpoBure-Level Photographs Showing the Radial 
Lnergy l>l«lrlbutlon In the Damage Plane for Three 20-psec Pulses 
The dimenaion of the scale marker is 1 mm.   (b) Microdensitometer 
Inice« of multiple rxpo«ure-level photographs for three consecutive 

0 -pBcc pulses.    Adjacent exposures on each trace differ by a factor of 



The duration of the mod«-locked pultet generated by the otclllator hat been 
ettlmated from time-Integrated hvo-photon fluoretcence photcjrapht to be ap- 

proximately 20 ptec.    To check for the pottlbtltty th^t the pulte duration changet 
during amplification or that pultes from different part* of the pulte train have dlf- 

ferent durationt. two-photon meaturementt of tingle amnllfler pulset are planned 
but have not yet been accompllthed.   Even without tuch meaturementt. however. 

it It known from the impulse response of the diode-otcUlotcope combination that' 
the pulse duration of the amplified pultet It lett than 100 ptec.   For the cate of 

pultes telected from properly locked tralnt. the amplified pulte r.lwayt glvet the 
same Impulse shape scope response as the otclllator output. 

3. 2. 2   SPACIAL PROFILE 

The examplet of focused radial energy dentlty profiles for tingle mode-locked 
pu-et thown in Figure 9 are tlmllar to thote thown for Q-swltched pulses In 

Figure 7.   Since the pronounced spike appearing on the left side of the first exposure 
in the bottom trace does not appear In the adjacent exposure, it Is not an Intensity 
spike in the beam and must be Identified as a spot or a scratch on the film.   Con- 

struction of energy density radius curves from these densltometer traces reveals 
some small departures from a true Gaussian profile.    The errors in dar. age 
threshold resulting from treating the profile at Gauttlan are small, however 
compared with the uncertainty already existing In total energy measurement.' 

».  MIRROR DAMAGE EXPKRtMKNTS 

Using the Users and monitoring techniques described above, experiments 
have been conducted on nine mirrors from five manuta.turers.    Basic Information 
about the mirrors Is given In Tible 1. 

Table 1,   Mirrors Used for Damage Tests 

Designation 
Coating 

Composition 
No. of 

Layers 
Reflectivity 

(%) 
Density of 
Scattering 

Center« 
A-l 
A-4 
A-6 
C-l 
D-l 

TIO2/SIO2 
T^/SIO» 
TIO2/SIO2 
TIO2/SIO2 
T102/S10? 

9 
7 
7 
9 

18 

94.3 
92.5 
92.5 
94.3 
96.8 

Moderate 
Low 
Low 
Low 
Low 

C-4 
C-7 
E-l 
B-l 

Zr02/St02 
ZrOj/SlO, 
Zr02/SlO$ 

ZnS/ThF 

13 
13 
25 
21 

95.6 
96.0 
95.7 
96.2 

High 
Low 
High 

Moderate 
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I.I   Observable I .iihin-, of the Damage Sites 

When viewed under an optical microscope at a magnification of thirty, the 
r-ost frequently observed form of damage lias the appearance of one or more 
bright rings having the same shape as the beam'o radial energy density profile. 
Sometimes one or more randomly located bright spots ars observed within this 
overall pattern.    Examination of such sites In a scanning electron microscope 
reveals considerably more detiil.   In Figures 10 and 11 the ring appearance is 

seen to be caused by a step Ins,de of which one or r ore of the quarter-wave layers 
have been 'emoved.   Since the sample Is viewed from an angle In a scanning 

electron n.lcroscope, the round damage site appears to be compressed along the 
vertical axis.    Figure 12 Is a close-up view of the bright spct seen below and to 

the left of center K Figure 10.   Since the position of this spot does not correspond 
to the position of maximum Intensity In the beam. It Is probably the result of a 
local absorbing center or other small scale mirror defect. 

The photographs just described show damage sites caused by Q-8*lfched 
pulses, but the physical characteristics of sites damaged by single mode-locked 
pulses are similar.    In Figures 13.   14, and 15. for example, the seme overall 
pattern of well-defined rings with a randomly located little crater Is observed. 

In Figures 16 and 17 a tendency toward smaller damage sites and removal ol fewer 
layers is observed for less energetic pulses.    Figure 16 also illustrates the fact 
that the transition from one layer to the next is not always a well-defined step. 
Since the energy density profile of this pulse in the plane of the mirror Is observed 

to be a smooth function of radius on the multiple exposure-level photograph takeu 
during the experiment, the Irregular pattern of materUl removal In the central 
region of this site suggests a degree of Inhomogenelty In the coating Itself. 

In contrast to the damage site characteristics at scribed above,  the affected 
areas on some mirrors appear under the optical microscope to be made up of a 
Urge number of closely packed scattering sites.    Two examples of this type of 
damage are given In the lower right portion of Figure 18.    This mirror (E-l) has 
a generally high density of scattering centers evt i in areas not exposed to laser 

radiation, but It is not yet established whether tWy contribute to the characteristics 
of the damage sites themselves.    The sites just described are produced by 20-p8ec 
pulses and the ring type sites on the same mirror In the upper half of the figure 
are produced by 20- nsec pulses.    For mirror B-l just the opposite is found: 

20 psec pulses produce rings and 20-n8ec pulses produce scattering centers. 
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Figure 10. Scanning Electron Microscope (SEM) Photograph 
of a Damage Site Produced by a Q-Switched Pulse. The site 
dimension is 250 mm from left to right 

Figure 11.   SEM Photograph of the Edge of k Dkmagi 
The entire photo is 57 ^m wide 

Site. 
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Figure 12.   SEM Photograph of the Bright Spot Seen Below ar.d to 
the Left of Center in Figure 10.    The width of the photo is 11 urn 

Figure 13.   SEM Photograph of a Damage Site Produced by a 
20-p8ec Pulse.    The width of the photo is 436 Mm 
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Figure 14.    SEM Photograph of the Steps Seen in Figure 13.    The 
width of the photo is 180 Mm 

Figure 15.    SEM Photograph of the Bright Spot to the Right of 
Center ir Figure 13.    The width of the photo is 18 ^m 

■ 
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Figure 16.    SEM Photograph of a Site Damaged by a Less Energetic 
20-psec Pulse.   An irregular pattern of material removal is 
evident in the central portion.    The width of the photo is i J6 /urn 

Figure 17. SEM Photograph of a Damage Site Produced by a 
20-psec Pulse Having an Energy Density only Slightly Above 
Threshold.    The width of the photo is 98 Mm 



Figure 18. Optical Microscopl' Photograph of Scattering Site Type of 
Damage Oower row) Caused by 20-psec Pulse on Mirror E-1, for 
Which Q-Switched P;.~lses Produced Mostly Hlng Type Damage (upper 
row). The spacing between the two sites in the right side of tht' lower 
row is 1 mm 

1.:! Fo~&:in~ EHt•t•ls 
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Even when examination under the optical microscope reveals no obvious 

damage on a mirror, fogging the coating with one's breath often reveals clear 

evidence that the radiation has alter d the surface in some> way. The microscope 

photos (a) and (b) in Figure 10 illuc .ate this point. A striking feature of this 

effect is that an area much larger than the otherwise detectable damage region IS 

affected. In (c) and (d) of Figure 19, for example, a region many times larger 

than the bP:.m itself has different fogging properties. To some extent the effect 

is temporary as ,~videnced by the difference in appearance of the 20-hour old 

sites and the 1-hour old sites. 
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Figut·f• 10. Optical 1\licroscopl' Photographs of (a) a Damagc·d llnfoggl•d !\litToJ·, 
(b) tlw Samf' 1\lit't'OI' :\ftPJ' Fogging with Bt·eath, (c) and (d) lllghPI' 1\lagnification 
ViC'W of Soml' Sill's \\'hich \\'l•rc Damagl'd Twenty llours Bl'fot'l' thl· Foggl'd 
l'hotogmph and Otw I lout· lkfot'L' till' Photograph Hl•Spl'ctivPly 
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An obvious difference between the Q-switched and mode-locked damage 
measurements is that no detailed analysis can be made of the temporal profile of 

the 20-psec pulse.   Any pulses longer than about 100 psec can be rejected on the 
basis of the 519 trace, however, as can shots giving a double pulse or a poorly 

locked train. 

1.4   Variation of Damaxe Site Diameler with Energy Density 

A convenient way to display the n\irror damage data is on a plot of damage site 

diameter vs the pulse energy density on axis.    Figure 20 shows such a plot for the 
Q-switch pulse ''image tests on mirror A-4,    For low enough energy densities no 

evidence of damage is found (O).    For energy densities above 30 or 35 J/cm^ some 
randomly located small scattering centers are created, but there is no well-defined 
pattern to which a diameter can be assigned (A).    Finally, for energy densities 
above about 45 J/cm    well-defined damage sites develop with diameters that are 

larger for more energetic pulses. 
From such data two kinds of thresholds can be defined, the "practical damage 

threshold" below which no damage is caused by a sin^> shot and a higher idealized 
threshold, a "perfect coating threshold", below which damage seems to be associated 

with local flaws of some sort rather than w'th inherent coating limitations.   In 
Figure 20 the curve through the data is drawn to intersect the density axis at a 
point corresponding to the practical threshold.   A curve drawn through the perfect 

coating threshold would intersect the axis at about 45 J/cm   and rise more steeply 

to pass through the remaining data points. 

The simplest assumption, which predicts an increase of site diameter with 
energy density on axis,  is that a coating damages only out to the radius at which 
the energy density drops below some critical value.    The Gaussian energy distri- 

bution function can be solved for the diameter at which a given critical energy 

density is reached as a function of the on-axis energy density.    The resulting curve 
is included in Figure 20 for a threshold value of 30 j/cm  .    This curve does pass 
through two of the measurable - site data points but falls well below the data at 

higher energies.    A dimilar curve for a threshold of 45 J/crn' would completely 

miss the data. 
Plots of measured site diameter vs Q-switched on-axis energy density for six 

of the nine mirrors are shown (without data points) In Figure 21.    The curves are 
drawn to cross the axis at the practical damage threshold, and In general the per- 
fect coating threshold Is higher as seen In Table 2.   All of these curves show damage 
sites that are larger at high energy than predicted by the simple constant-energy 

density assumption discussed above. 
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Table I.   MMtured Thrvahola Values 

Mirror Threshold at 20 paec^) Threshold atasn.^0»» 
Pracllcal Perfect coattng 

J/cm   on axis J/cm2 on axis J/cm   on axis 

A-I 
A-4 
A-6 
C-l 
D-l 

1.6 
1.1 

1.8 
1.6 

43 
SO 
• 
JO n 

48 
48 
18 
SO 
M 

C-4 
C-7 
E-l 

1.9 
1.8 
2.0 

23 
88 
47 

SI 
60 
47 

B-I 0.6 18 24 

fa)  For the mode-locked pulse the beam dtsmeter at half the on-axta 
energy density I« 107 Mm. 

<b)  For the Q-swItched pulse the beam diameter at half the on-ftxls 
energy density Is 130 ion. 

Plotting the data from damage tests with single mode-locked pul«e» gives 
similar curves.   There are some notable dlfferer***. however.   First, all of the 
detected damage sites have measurable dlamaters. eliminating the distinction 
between the two threshold definitions discussed above.   Second, a sharp rise 
In the curve Immediately above threshold la clearly established by the data for 
most of the mirrors.   Finally, for all but two of the mirrors, the damage sites 
are »mailer at high energy than predicted by the constant energy density assump- 
tion.   These differences arc evident In Figure 22. 

Plots of measured site diameter vs the on-axls energy density of the 20 psec 
pulse for seven of the rolrtctra are shown (without data points) In Figure 23. 
Mirrors B-l and C-7 art exceptions in that they do fit a constant erergy density 
curve quite well.   Table 2 summarises the results. 

11    OrpriMlpnn- of l>MBil«r   Hlfr.kold no Hr«« Itmairlrt 

To determine whether the observed damage ttireshold for 20-psec pulses 
measured with a 197-«m beam diameter can be meaningfully compared with the 
threshold for 23-ns#c pulses msasured with a 130-«im beam diameter. It Is neces' 
sary to perform damage testa over a range of beam diameters at a fixed pulse 
duration.    The results of such an investigation for mirror A-6 with 23-nsrc 
pulses are shown In Figure 24.   As In Figure 20 two kinds of thresholds are 
evident, at least for the large diameter beams, and so two curves are drawn. 
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Ftfur« 34.   Q-Swltched Damagc Threahold va the Beam Diameter at 
Half UM On-Axla Knergy Dtnaltv for Mirror A-6.   Shota causing no 
detectable damage are Indicated by (O). thoae cauaing only randomly 
located amaU acatterlng center« by (A), and aitea with well-defined 
dlametera by (•).   The aolld curve indicates the beat estimate for 
the variation of the perfect coating threahold, and the daahed curve 
the beat eatlmate for the variation of the practical threahold 
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Figur« 25.   Single Pula« Damage Threahold va Pulae 
Duration for Mirror« A-1 and A-4.   The curve« are 
drawn to fit the functional form auggeated by theoretical 
conaideration« diacuaaed in Section 5.4 
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tical threshold.    T^ese curves are ^'^ ^^ m and 197 Mm .houid 

theoreticaUy derived functional form.   «^^7^ Q-witched d.U. 
be taken into account when comparing the mode locked 

4 6  P«Ue D«ra..on Dependence of Mirro, feW Tbre-hoia. 
«-.hie 25 oercent redactions of the Q-swltched damage 

Even allowing for possible 25 percen bÄm 

thresholds in Table 2 If the measurernents had ^ ^^ are ^ ten ,. 

dla.eter as the 20-psec ******** "'ZX*"^    Flgu. e 25 Illustrate, 
thirty times higher than the 20.psec ener > ^*7Tx and CT I. thl. plot no 
this general observation with the results fro., mirror. A   1 an ^ ^ 

correction could only be inierrea recorded at a somewhat 
♦v,ot thP O-switched values should be recoraeu •» 

by theoretical considerations discussed In Section 5.4. 

4.7   Accuracy and Reproducibilily 

4 7   1   EXPERIMENTAL ERRORS 

because energy measuremcnt^s ^ ^ on.axlB energy den.ity 
a true Gaussian energy density profile.    Random err 

£0r a single pulse may be as high as plus "^^^ „ tn 

- ::r nrr::. of rando. .^ ^-^ -—--r 
mlscallbratlon of the energy measuring -8trUme?^i

U
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from the calorimeter and radiometer. Instruments ^ ^^ of ** 
ferent physical principles, agree within 20 percent on ^ ab80lU e^^   ^ ^ 

energy   caching the sample in the ™*-^*^^'to^T~*~**r 
error may be up to but probably does not exceed 20 percent for     gl 

or calorimeter of the type used In this work. 



4.7.2   MIRROR VARIATIONS 

It is Important to observe that ordering ten mirron coated with apecified 
dielectric materials from a particular manulacturer does not guarantee that ten 
idf .ittcal mirrors will be delivered.    The t'iresholds recorded in Table 2 for 

mirrors A-I, A-4, and A-8 and C-4 and C-7 Illustrate the point.   Decisions 
concerning the relative capabilities of several manutacturers should not be based 
on the performance of a single mirror. 

3.  POSSIBi.K l»\MU;K MEOUMSVS 

S.I     I   Mif.T-n   I   ,„, .,r    M.-.TI.!,...! 

Sufficient linear absorption in a coating can heat the film to its melting point. 
However, the thermal time constants for conduc ion losses from the irradiated 
spot on the film, either radially or into the subi träte, are expected to be long 
compared with both pulse durations.    Thus, a uui/jrm linear absorption model 
predicts the same energy density threshold over the whole pulse duration range 

and over the range of boam diameters tested as well.   Neither prediction agrees 
with the experimental results     An additional observation is that generally the 

damage looks more like cracking than melting.   Of course, thermal expansion 
resulting from linear absorption heating can cause fractures too, but for this 
process the maximum induceo etress occurs at 1. 3 times the Gauaatan beam 
diameter (the Si.ess at radius r U proportional to the difference between the 

atrain at r due to expanaion of the material at smaUer rad'i and the strain which 

would have occurred at r solely due to the local temperat.re increase (l.has, 1970)). 
The damage aitea produced near the threshold energ> density are consistently 
smaller than this. 

S.2   I ... .,1 IMrel. 

There is no doubt that small acale local defects can account for aome of the 

damage features reported here.    Figures 12 and 14 are examples of pits believed 
to be caused by the explosion of small absorption centers.    It is likely that for 
mirrors exhibiting a large difference betw en the practical damage threshold and 

the perfect coating threshold, small absorbing centers are causing the low level 

damage.    Possible defects include dirt. Incompletely oxidized coating material, 

or some other form of nonuniform deposition.  The decrease of practical threshold 
with increasing beam diameter may be related to the increased likelihood of find- 
ing a defect with a Urge beam.   For some mirrors. E-l for example, the density 
of small local defects  is so high that each one may provide the nucleus for s 
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.m.ll d.m.ge wtU. and many .uch .maU .Ite. may make up the overall damage 
pattern. ■ pattern. 

5.3   Surface Plasaa 

On most shots which cause detectable damage a spark can be seen at the 
damage site.   When a spark Is not seen on damaging .hots, the damage Is small 

and the spark may Just be too weak to be detectable by an observer looking through 
protective goggles. In any event, we believe the spark accompanies the principal 
damage event (Giuliano.   1972) rather than causing it. although the large area 

which is seen to have been affected when the coating Is fogged may be an indication 
of some secondary plasma effect (Boling.   1972). 

5.4  Elnclraa Avalanche 

^l^T" mU't ^ 8atl8fied t0 CaU8e da'iage * electron •"**** (Bliss. 
1970).    First, the Intensity must be high enough that conduction electrons gain 
energy from the laser radiation faster than they lose it to the lattice.   Second, the 

laser energy density must be high enough to create a critical number of conduction 
electrons within the duration of the pulse.    Therefore, for very short duration 

pulses the limiting quantity is energy density while for long pulses it is intensity. 
The straight line segments of the curves in Figure 25 are drawn through the data 
pomts with the appropriate pulse duration dependence to give constant energy 
density and consUnt Intensity thresholds. 

U this mechanism Is operating for the 20-psec pulse damage, the intensity 
criterion Is exceeded by a factor of about fifty, meaning that the electrons gain 

energy from the field much faster than they can transfer it to the lattice lea^in^ 
many of the electrons to lose their energy to the lattice after the laser pulse has 

ceased.   For the 20.n.ec. pulses, on the other hand, the transfer of energy to the 
lattice proceeds essentially instantaneously on the time scale of the pulse, and the 

physical destruction of the coatings probably starts before the pulse is over     This 
basic difference In timing may have something to do with the tendency for sites 

damaged by Q-switched pulses to be larger than expected, that is. there mav be 

enough energy transmitted to larger radii by electron diffusion, acoustic propaga- 
tion, or some other means during the pulse that less laser intensity is required to 
cause damage there. H     « vo 

If the main effect of conduction electrons I. to heat the lattice, then the stress 
induced by thermal expansion could damage the coatings as described in Section 5   1 

But now the amount of heating a   a particular point on the mirror is proportional to ' 
the electron density there, not Just the local User energy density, so spots much 

smaller than 1. 3 times the GaussUn diameter are expected near threshold.   Ibi. is 



26 

because the number of electrons created In an avalanche process Increases 
exponential y with some power of the electric field (Bliss.  1970) giving an 

electron distribution that fails much more steeply with increasing radius than 
the laser intensity profile. 

The dependence of threshold on beam diameter is qualitatively what is pre- 
dicted by a probability formulation of electron avalanche theory (Bass and Barrett 
1972). namely that the probability for finding "lucky electrons" increases and the ' 
intensity needed to achieve a given probability for damage decreases for larger 
beams. 

Some of the arguments In Section 5.4 are admittedly speculative.    Further 
work Is necessary to put the discussion on firmer ground. 
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